The transport of indoleacetic acid-l-'4C out of sunflower stem sections has been analyzed by a compartmental analysis procedure in which the radioactivity moving out of the tissue (log per cent) is plotted against time. The analysis indicates that indoleacetic acid is transported via a fast transport system (t,/2 of about 30 minutes) and a slow transport system (t1/2 about 10 hours). While we do not know the sources of these two pools, by analogy with ion transport studies, the fast efflux is characteristic of transport from the cytoplasm across the plasmalemma and the slow efflux is characteristic of transport across the tonoplast and thus out of the vacuole. Both components of transport are inhibited by 2,3,5-triiodobenzoic acid.
Compartmental analyses have been used in studies of ion transport, providing a means of detecting the existence of separate cellular pools and transport processes. MacRobbie and Dainty (8) developed such analyses for the transport of Na+ and K+ in various compartments of the seaweed Rhodymenia, and were able to distinguish between ion populations that were moving out of large cells and those moving out of small cells of the colony. Pitman (11) used similar analyses to distinguish between ions moving out of the cytoplasm and the vacuole of barley roots. The method was employed by Pierce and Higinbotham (10) to distinguish between three separate ion pools in oat coleoptiles which were thought to represent free space, cytoplasm, and vacuole. In the work reported here, we have followed the same procedures to examine the transport of auxin out of the sunflower stem, and we find two clearly distinguishable transport components.
The basis of the compartmental analysis is the equation of MacRobbie and Dainty (8) for the concentration of label moving out of tissues.
where C* is the concentration of labeled substance in the tissue, -M is the flux or rate of movement out (moles cm-2 sec-'), A is the surface area of the tissue through which movement may occur, V is the volume of the tissue, C is the total concentration in the tissue, and t is time. In experiments such as ours in which the tissue area and volume remain the same, the equation can be simplified to: (8), who showed that for one compartment, the decline in label in the tissue gave a straight line when the C* was plotted on a log scale against time, and the intercept with the ordinate (concentration) was the amount of label initially within a particular tissue compartment. If there are several pools contributing to the transport, the equation would be:
If M1 were a fast pool of transport which was exhaused before the others, then subsequent transport would be a function of only M2 and M3; and if M2 were exhaused before M3 then the decline in C* would return to first-order kinetics. After the rate constant for efflux from one pool has been established, the values for this pool can be subtracted from the equation for each time interval, and the remainder values for C* may then reveal the rate constants for simultaneously occurring transport.
Thus, the basis of the compartmental analysis utilized here is to measure the total amounts of radioactivity from IAA (the amount in tissue and receptor blocks) under conditions in which there is no new auxin entering the system, and plot the decline of label in the tissue on a log scale against time.
MATERIALS AND METHODS
The methods used in the present study are essentially those described earlier (1) . The apical ends of the isolated hypocotyl sections of 7-day-old light-grown sunflower seedlings (Helianthus annuus var. Russian Mammoth) were placed inverted upon 1% agar containing 10 /um IAA-1-14C (either 15 mc/ mmole, or 57 mc/mmole). The basal ends were covered with a block of 1 % agar that served as a receptor for the transported material.
With most of the experiments the process of loading auxin into the section was separated in time from the period in which auxin transport out of section was measured. The sections were loaded with the radioactive material for 3 hr with the receptor being changed every hour. We have previously found 3 hr to be the time required to achieve a steady state transport of auxin into the receptor (1). The sections were then transferred from the radioactive donor to blank agar, still with the apical end down. Receptor agar blocks at the physiological base were changed at the time intervals indicated, and the radioactivity in them was determined by scintillation counting. At the end of each experiment, the radioactivity in the stem pieces was determined by scintillation counting of ethanolic extracts as described earlier (1) .
The decarboxylation of radioactive auxin by the sections was estimated by sealing the whole transport setup (sections, 491 donor and receptor agar blocks) in a 50-ml beaker, and CO2 was monitored as the radioactivity collected on a filter paper wick saturated with 1 N NaOH. Activity in the agar receptors and on the wet filter paper was determined by drying in scintillation vials under vacuum at 50 C and then measuring radioactivity with a Packard scintillation spectrometer.
Where inhibitors were employed, they were applied in the receptor blocks, and only after the completion of the 3-hr auxin uptake period.
Experiments were usually performed in triplicate. In the very short term experiments where replication could not be performed, the particular experiment was done on several occasions.
RESULTS
When one plots the loss of radioactive IAA* (C5 ) from sunflower stem sections on a log scale against time, one finds a two-phase curve as illustrated in Figure 1 . There is a rapid efflux of auxin for the first 50 to 70 min, after which a slow efflux sets in which is linear in this type of plot, showing firstorder kinetics ( Fig. 1 ). When sections from older sunflower plants are compared with young ones (Fig. 1) , the second or slow transport seems to have about the same rate (slope) but the rapid efflux is lesser in amount. If one extrapolates the slow transport rates to the ordinate, one finds that the younger tissues show an intercept at about 71 % and the older ones at 82%, indicating that the fast pool constitutes about 29% of the initial radioactive auxin in the younger tissues and only 18% in the older tissues. The effux values (-M) for these tissues are reported in Table I .
Assuming that the slower transport process is continuous during the experiment, one can calculate the amounts of label efflux attributable to this sector of transport for each of the time intervals used in the experiment, subtract appropriate amounts from the total auxin transported at each time interval, and plot the differences as a means of examining the kinetics of the fast transport alone. We have done this in Figure 2 , and the data for the calculations are presented in Table II . In Figure 2 it can be seen that the fast transport process is about linear by this plot, as would be predicated by the MacRobbie and Dainty method, and that during the period of linearity (about 20 min) the older and younger stem tissues are essentially alike. Thus, we have two simultaneous types of auxin transport, a faster and a slower one, which together are responsible for the two-phase curve in Figure 1 . The similarity of the efflux values (-M) for the two types of tissue is evident in Table I. As a working hypothesis, it would seem reasonable to think that the fast transport may represent auxin from the cytoplasm which is pumped directly along from cell to cell, whereas the slow transport may represent auxin which has leaked out of the cytoplasm into the vacuole or was otherwise temporarily lost to the transportable auxin pool. Following this thought, one might expect that increasing the length of the sunflower stem section would result in less of the auxin being in the faster transport system; a comparison of 4-and 8-mm sections from older seedlings is shown in Figure 3 , where the usual two-phase curve is observed, and the intercept of the slow transport plot comes to 83% for the 4-mm and 91% for the 8- Table II . Transport of IAA out of Sunflower Sections Data are for the same experiment as in Figure 1 ; the per cent of fast transport was calculated by subtraction of slow transport values from the total radioactivity remaining in the sections. total radioactivity in the system is available to the fast transport system, and in the longer sections only 9% is so availab!e. With twice the amount of tissue to traverse, the fast pool had been cut in half.
The suscep.ibility of the two transport components to inhibition was next examined. 2,3, 5-Triiodobenzoic acid (TIBAY i, known to be an effective inhibitor of auxin transport (9); this compound was incorporated into the receptor blocks (0.1 mM) during the efflux time. The kinetic curves for control and inhibited transport are shown in Figure 4 . The two-phase curve is obtained for each treatment, but both the size of the fast moving component and the slope of the slower component I Abbreviation: TIBA: 2,3, 5-triiodobenzoic acid. appear to have been inhibited by TIBA. In order to be certain that the TIBA inhibition sets in early enough to block the fast transport component, we utilized experiments with very rapid receptor-block changes and IAA of a very high specific radioactivity. Within the 20-min period in which the fast transport component is known to be linear (Fig. 2) , we find the inhibitor to be very effective (Fig. 5 ). In an effort to inhibit the slow transport component selectively, TIBA was incorporated into the receptor blocks only after 80, 140, or 200 min, when the fast transport component was exhausted; in this instance, clear inhibitions were obtained, as shown in Figure 6 . We conclude that both the fast and the slow sectors of transport are susceptible to inhibition by TIBA. This conclusion is supported by the data of Table I which show that TIBA powerfully limits the auxin available to the fast transport component and markedly lowers the efflux value (-M) for the slow transport.
The fast and the slow transport components can be characterized by the proportion of the total auxin apparently available to each (determined as the extrapolated intercept of the slow transport system with the ordinate in a graph such as that in 8 Hn TIME FIG. 7 . A comparison of the IAA being transported out of sections of 7-and 14-day-old sunflower seedlings and the amount of radioactive C02 being given off by the transport system. Donor blocks (10 AM IAA; 15 mc/mmole) were removed at time indicated by arrow. Fig. 1 ), the rate of movement out of the tissue (-M, which is determined as the slope of the efflux curve for each as in Figs.  1 and 2) , and the t1,2 (calculated as the time for efflux of half of the auxin in each pool on the basis of the flux rate). The values for the slow transport system may be slightly misleading since we do not expect all of the radioactivity remaining in the tissue after 2 or 3 hr to be still available for transport. These three parameters do provide some interesting comparisons between the two systems, and are presented for some representative experiments in Table I . The fast transport component is seen to have a relatively small pool of IAA available, to have a flux rate (-M) about 100 times greater, and a t112 of 20 to 35 min instead of 10 or more hours. In an experiment using IAA concentrations in the donor block ranging from 0.5 to 50 ,uM, the three parameters remained approximately constant except that at the highest IAA concentration there was a smaller pool size (on a percentage basis) for the fast transport component.
The destruction of auxin may be contributing to the differences in transport between tissues of different ages, as in Figure  1 . Zenk and Muller (17) have reported substantial amounts of decarboxylation of IAA in sunflower hypocotyls. We have measured the amounts of radioactive CO2 coming out of the transport systems during the periods before and after removal of the donor supply of IAA-1-14C, using parallel setups for sections from plants of 7 and 14 days of age, as shown in Figure  7 . It is evident that after the donor supply of radioactive IAA was removed, there was very little decarboxylation detectable, suggesting that the decarboxylation was principally taking place at the cut surface of the stem sections in agreement with Zenk and Muller (17) . The amounts of decarboxylation measured in this manner were much too small to account for the differences in transport between the two ages of tissue ( Fig. 7) .
Veen (13) found that the immobilization of auxin increased on a percentage basis with increasing amounts of auxin supplied to Coleus petiole explants; in our experiments with different donor concentrations (Table I) the per cent of auxin transported remained between 50 and 58% over the range of 0.5 to 10 yM IAA. We have also compared the total amounts of auxin transported when various amounts of auxin were provided through variations in the duration of auxin uptake; data for such an experiment are shown in Table III , in which the total amount of auxin transported during 8 hr after removal of the donor is compared for 7-and 15-day-old seedlings. The amount of auxin taken up varied over a 10-fold range, and within each age group the amount of total transport was quite similar, 56 to 62% for the sections from 7-day-old plants, and 23 to 38% for 15-day-old material.
DISCUSSION
The experiments reported here indicate that there are two components or pools of transportable auxin in the sunflower stem, one with markedly faster exit from the tissue than the other. Older tissues are seen to have lesser amounts of auxin in the faster transport pool (e.g., Table III ), but both the faster and slower pools have rate constants similar to those of the younger tissue (Table I) . Similarly, longer sections of stem show lesser amounts of auxin in the fast transport pool. Both the faster and the slower transport can be inhibited with TIBA. While this type of compartmental analysis has not been utilized for auxin studies before, one can see suggestions of rapid and slow transport in some experiments by Goldsmith and Thimann (4) . In their experiments, and also some of our own (1), after the donor block had been removed, rapid exit of auxin was evident for about 1 hr, after which a slow exit was observed.
In the ion transport studies after which our experiments were modeled, Pierce and Higinbotham (10) observed a rapid exit of potassium and chloride ions and also a slower exit component; they interpreted the faster component as stemming from the cytoplasm of the coleoptile cells, and the slower from the less accessible vacuole. An even faster moving pool was assigned to the cell wall and free space. A similar interpretation may be made of our faster and slower transport pools; the faster pool may come from the cytoplasm which has direct access to the plasmalemma, the presumed location of auxin transport sites (7) , and the slower transport pool may come from the vacuole. Older tissues have larger vacuoles which may be related to the lesser fast transport auxin pool. The fact that longer stem pieces may have a lesser fast transport component (Fig. 3 ) may be related to the fact that there are larger numbers of vacuoles where the auxin can be detained.
The interpretation used by us of the fast and slow components of transport being from cytoplasmic and vacuolar regions might be criticized on the basis that there is no existing evidence of auxin occurring in vacuoles (3, 12) . The radiographic techniques which have been applied to this question, however. have never been able to detect the location of phvsiological levels of auxin within the cell. One can visualize two alternative interpretations of the two components of auxin transport; they may represent auxin coming from different tvnes of cells, such as vascular and parenchymatous cells: or. alternatively, they may represent unattached auxin and auxin which hns been either bouind or converted into a derivative vlich as the glucose ester.
In a Drevious paper (2) we have estimated the time required for 50% secretion of transportable auxin from a single cell as being about 30 min. It is noteworthy that in each of the exneriments reported here (Figs. 1, 3, 4, 6, and Table I ) the faster nool of transnortable auxin has a t,,2 of 24 to 37 min. The immobilization of auxin can involve a trapping of IAA into nrotein structures (1 6) or its actual metabolism (14) . Veen and Jqcobs (15) were able to account for only 2 or 3% of the immobilized auxin through decarboxylation; our experiments, too, indicate that a verv small amount of auxin is lost through decarboxvlation after the donor block has been removed.
We have previously provided evidence that a principal rate-495 limiting step in auxin transport is the secretion of auxin out of the cell (5) , and that this secretion may involve active transport sites on the plasmalemma (6, 7). The very rapid inhibition by TIBA supplied in receptor blocks (Fig. 5 ) implies that the site of active transport must be very close indeed to the receptor block; we suggest that an inhibitory action at the plasmalemma would be expected to have this type of rapid response. Our experiments indicate that both components of auxin transport are susceptible to inhibition by TIBA; we suggest that neither component is in the apoplast or free space, but that both are moving through the plasmalemma.
